Abstract-Advances in fiber optic technology and miniaturized optics and mechanics have propelled confocal endomicroscopy into the clinical realm. This high resolution, non-invasive imaging technology provides the ability to microscopically evaluate cellular and sub-cellular features in tissue in vivo by optical sectioning. Because many cancers originate in epithelial tissues accessible by endoscopes, confocal endomicroscopy has been explored to detect regions of possible neoplasia at an earlier stage by imaging morphological features in vivo that are significant in histopathologic evaluation. This technique allows real-time assessment of tissue which may improve diagnostic yield by guiding biopsy. Research and development continues to reduce the overall size of the imaging probe, increase the image acquisition speed, and improve resolution and field of view of confocal endomicroscopes. Technical advances will continue to enable application to less accessible organs and more complex systems in the body. Lateral and axial resolutions down to 0.5 and 3 lm, respectively, field of view as large as 800 9 450 lm, and objective lens and total probe outer diameters down to 0.35 and 1.25 mm, respectively, have been achieved. We provide a review of the historical developments of confocal imaging in vivo, the evolution of endomicroscope instrumentation, and the medical applications of confocal endomicroscopy.
INTRODUCTION
Scanning confocal microscopy is a well-established optical imaging technique offering significant advantages over conventional wide-field microscopic imaging. 130 In addition to enhanced lateral and axial resolution, the confocal microscope has the ability to image selectively in depth by substantially rejecting out of focus light through the use of a confocal pinhole. This optical sectioning capability enables high resolution imaging of thick biological samples, such as tissue in vivo, without the need for tissue excision, fixation, and sectioning as is required for conventional histological processing.
The confocal microscope was invented by Marvin Minsky in 1955. The Minsky microscope was termed ''confocal'' because the condenser and objective lens had the same focal point. 82 A point illumination source is focused into the sample, illuminating a single point at a time. The detection pinhole aperture passes light from the focus, but significantly rejects light from depths in the sample above and below the focal plane (Fig. 1 ). To create a two-or three-dimensional image, the sample or the focal spot needs to be scanned laterally and axially. Both fluorescence and reflectance microscopy techniques have been integrated into confocal imaging for a wide array of applications. In particular, confocal microscopy has become a popular tool for high resolution imaging of cells and tissue.
In the 1980s and more extensively in the early 1990s, confocal imaging was explored for in vivo imaging of animal and human tissue. 44, 93 Early work was predominantly in accessible organs such as the eye, 10, 63 skin, 13, 89, 103 and oral cavity. 89, 101 For in vivo imaging, the scanning and image acquisition rate must be sufficiently fast to avoid motion artifacts from a moving subject. In addition to increased imaging speed, 92 microscope modifications were made to increase accessibility of the microscope to tissue. For example, in order to image tissue that could not be placed in a traditional confocal microscope, Rajadhyaksha et al. developed a confocal scanning laser microscope with a mechanical arm and rotatable head that allowed for imaging of skin, lip, and tongue in vivo. 101, 102 A ringand-template assembly was attached to the skin or oral tissue of the subject, which would then mount to the objective housing to minimize motion artifacts. However, the large microscope objective lens limits this method to in vivo imaging of externally accessible tissue.
A major advance for the translation of confocal microscopy to in vivo clinical imaging was the use of a single mode fiber in place of a traditional confocal pinhole, which has been shown to allow a microscope system to maintain the optical sectioning properties of a traditional confocal imaging system. 30, 36, 60 The use of an optical fiber as the source and detector pinholes ( Fig. 2) allows separation of the imaging arm from the light source and detector, increasing versatility of the confocal microscope for in vivo imaging. 18 This configuration reduces system complexity and enables automatic alignment of these two confocal apertures. 14 With the implementation of optical fibers to deliver and collect light confocally from tissue, techniques for scanning in vivo and miniaturization of optics and mechanics at the distal end of the light guide encompass much of the technical innovation that has led to clinical endomicroscopy. In general, the scanning techniques can be divided into two modalities: scanning proximally or distally to the light guide. Various methods and technologies have been employed to miniaturize confocal systems so that they can be applied to endoscopic imaging. Although there are tradeoffs between resolution, field of view, and probe size, lateral and axial resolutions down to 0.5 lm 64 and 3 lm, 90 respectively, field of view as large as 800 9 450 lm, 97 objective lens outer diameter down to 350 lm, 95 and total probe outer diameter down to 1.25 mm 58 have been achieved. We take this opportunity in this review article on fiber-based confocal microscopy for in vivo imaging to define some terminology within this field. The terms ''endomicroscope'' and ''microendoscope'' are used interchangeably within the literature. Of the papers referenced in this review paper that use either of these two terms, 47% describe the technology as ''endomicroscopy'' and 63% use ''microendoscopy''. Therefore, 10% overlap the two groups by using both terms within their text. There has not been a clear distinction between the terms. Here, to remove further ambiguity from the terminology, we define these terms in the context of endoscopy. First, a medical endoscope is a medical instrument that uses optical technology to visualize the inside of the body by passing through body orifices. Illumination and image transmission can be in the form of a long rigid or flexible tube that is able to reach the area of interest inside the body, or images can be wirelessly transmitted via radiofrequency waves to the external environment in capsule endoscopy. Confocal microscopy inside the body is accomplished using optical fiber technology for illumination and signal collection. Standard endoscopes can have a diameter up to a couple centimeters. An endomicroscope is a microscope that can be introduced inside an endoscope or directly in the body and provides microscopic images of the region of interest. A microendoscope is simply an endoscope that has a very small diameter, a few millimeters or less, that allows access to regions inaccessible to standard endoscopes. However, a microendoscope may not necessarily be a microscope. Several references use ''confocal microendoscopy'' to describe a miniature endoscope with confocal operation, therefore capable of acquiring microscopic images. We adopt the more precise term ''confocal endomicroscopy'' for a confocal microscope that can image inside the body.
The following paper reviews current technology, including commercially available systems, as well as the variety of clinical applications of confocal endomicroscopy. We specifically focus on single photon fluorescence and reflectance confocal imaging, because of the extent of clinical testing of these modalities, as opposed to multiphoton confocal endomicroscopy, for example. We refer the interested reader to other relevant review papers on various aspects of endomicroscopy. Additional information on fiber-based fluorescence imaging, including a discussion of two photon fluorescence imaging modalities, has previously been published by Flusberg et al. 26 While we present a variety of clinical applications, a review by Sokolov et al. provides a detailed discussion of endoscopic microscopy and its application to epithelial cancer detection. 110 While we largely focus on technology and applications leading to clinical imaging, translation of this technology to clinical practice is a complex process with many challenges remaining to be addressed. A recent review by Liu et al. provides a detailed discussion of issues that need to be addressed for in vivo microscopy to become a standard clinical tool. 76 
INSTRUMENTATION
Confocal endomicroscopes generally fall within two main categories based on proximal or distal scanning and the type of light guide. Proximal scanning at the system side of the light guide is typically achieved through a coherent image guide that relays the scanned pattern to the tissue. 32 The advantage of this technique is that the scanning system is not contained in the endoscopic probe and therefore the size of the scanning system is not limited. However, the resolution is limited by the spacing of the individual fibers within the fiber bundle and the total number of pixels is limited by the number of fibers in the bundle, ranging between 10,000 and 100,000 elements. To avoid this limitation, a single fiber can be used if the scanning technique can be moved to the distal or tissue end of the light guide. Using one or two single mode fibers, various techniques of distal scanning have been explored to reduce the endoscope size, increase image acquisition speed, and improve image quality. Table 1 summarizes the specifications for proximal and distal scanning confocal endomicroscopes in the research literature. In addition to describing the research behind confocal endomicroscope instrumentation, we present details on two commercially available confocal endomicroscopy systems, summarized in Table 2 . FIGURE 2. Fiber confocal endomicroscope configurations. (a) Proximally scanned endomicroscope using a fiber bundle for illumination and detection. The beam is focused to a point and scanned in two dimensions or to a line and scanned in one dimension at the proximal face of the fiber bundle. (b) Distally scanned endomicroscope using a single optical fiber for illumination and detection. Scanning can be accomplished by mechanically scanning the fiber, mechanically scanning the fiber and the miniature lens, scanning the beam with a MEMS mirror, or spectrally encoding one axis and mechanically scanning in the second axis. (c) Distally scanned endomicroscope using two optical fibers, one for illumination and one for detection, in a dual-axes confocal configuration with a MEMS scanning mirror.
Proximal Scanning
Miniaturization of the scanning optics required for a confocal microscope can be difficult and costly. To overcome this issue, the use of a fiber bundle in place of a single mode fiber has been demonstrated. 32, 48 Optical fiber bundles are flexible light conduits made from tens of thousands of individual step-index fibers. Coherent image guides, in which the arrangement of the fibers is maintained along the length of the bundle, are extensively used in endoscopic imaging using white light illumination and wide-field detection. In addition, optical contrast techniques such as chromoendoscopy, fluorescence endoscopy, and narrow band imaging have been applied to wide-field endoscopy to improve diagnostic capability. 132 In contrast to wide-field endoscopy, confocal endomicroscopy requires scanning of the beam across the face of the fiber bundle to exploit the confocal aperture of the individual optical fibers. Scanning can be accomplished using point scanning, slit scanning, or spatial light modulator techniques. A generalized configuration of proximally scanned confocal endomicroscopy is shown in Fig. 2a . Because the scanning occurs at the system side of the bundle, commercially available scanning optics can be employed. Illumination light is transmitted to the distal end of the bundle where miniaturized optics are needed to focus the light into the tissue, collect the reflected or fluorescent signal, and couple it back into the same fiber. The non-imaging space between fiber cores typically limits resolution and causes pixilation in the images; therefore, image processing is necessary to improve the image quality. 66, 78 The first demonstration of the use of a fiber bundle for confocal imaging was presented by Gmitro and Aziz using a standard Zeiss LSM10 confocal microscope in fluorescence mode to raster scan a 10,000 element coherent bundle. 32 Although the optical sectioning capability of higher order modes is very similar to that of a single mode, 131 Jusˇkaitis et al. found speckle to be a problem in laser-based reflectance endomicroscopy through a fiber bundle in multimode operation. 48 To address this, incoherent white light illumination was scanned with a Nipkow disc tandem scanning microscope to produce the first real-time reflectance confocal endoscopic images using a 50,000 element bundle. Angle polishing of the fiber bundle and index matching were employed to reduce specular reflection from the proximal end of the fiber, a persistent challenge for reflectance confocal endomicroscopy through a fiber bundle. Collier et al. constructed an entire confocal microscope from commercial optics instead of using an existing confocal microscope. 12 This system was later modified to include custom optics at the proximal and distal ends of the 30,000 element bundle to improve imaging performance and was used to image epithelial tissue. 73, 112 Slit scanning is an alternative fiber bundle scanning technique which uses a line illumination and slit aperture detector instead of a point source and pinhole detector to increase image acquisition speed with a slight sacrifice in axial resolution. 107 Sabharwal et al. demonstrated an innovative slit-scanning fluorescence confocal endomicroscope with a single scanning mirror that scans the line illumination across the bundle, descans the fluorescent light for detection through the fixed slit aperture, then re-scans the spatially filtered signal onto a two-dimensional CCD camera to create real-time confocal images without the need for synchronization. 107 Subsequently, Rouse and Gmitro modified the slit-scan system to demonstrate multispectral detection by incorporating a dispersing prism in the detection arm to collect both spatial and spectral information. 104 Coherent image guides are the predominant type of bundle used for fiber bundle confocal endomicroscopy; however, Lin and Webb exploited the spatial scrambling of an incoherent fiber bundle to convert a slit-scan illumination to a parallel random point scan at the distal tip of the endoscope. 75 The system has the simplicity of the slit-scan confocal endomicroscope and the optical sectioning capability of the point-scan technique. The image of the sample has to be reconstructed based on the random fiber mapping of the bundle.
Other scanning techniques include the use of spatial light modulators. Lane et al. used a digital micromirror device with a high pixel count and fast response to sequentially illuminate individual or multiple fibers within a fiber bundle. 68 Optical sectioning and contrast are improved by only illuminating fiber cores and not the non-imaging space between fibers. Recently, Thompson et al. presented a novel method analogous to adaptive optics to use a spatial light modulator to correct for phase aberrations in the fiber bundle and to additionally add curvature and tip-tilt to the wavefronts to focus and scan the beam at the distal tip of the fiber bundle without optical or mechanical components. 123 While the use of a spatial light modulator was shown to allow three dimensional imaging, the reported system suffers from a very low frame rate. Acquisition for a single 50 9 50 pixel image was reported to take 15-20 min, with an axial resolution of approximately 100 lm and a field of view limited to 80 lm diameter.
Although the scanning mechanism does not need to be miniaturized for fiber bundle confocal endomicroscopy, a miniaturized high numerical aperture (NA) objective lens is still required to focus light into tissue and collect reflected or fluorescent signal. The main optical design challenge lies in achieving a doubly telecentric, high NA objective lens with minimized aberrations and a small outer diameter. Gradient index (GRIN) lenses are ideal for their small outer diameter; however, high NA GRIN lenses suffer from optical aberrations. 62, 70 Consequently, GRIN lenses are usually assembled back to back or assembled with other high NA lenses. Custom complex glass lenses have been designed and fabricated for both fluorescence and reflectance confocal endomicroscopes. 57, 74, 106, 107, 117 Plastic and combined glass and plastic miniature objectives have demonstrated the potential for inexpensive disposable endomicroscope probes. 8, 11, 51, 52, 67 Custom designed lenses have been based on Amici, Petzval, and design by halves design methods. 57, 74, 106 A more cost-effective approach is to start the design with commercial optics and add custom elements to correct aberrations. 51, 52 In order to minimize back reflections, shorten the overall lens length, and reduce the complexity of assembly, a major design goal has been to reduce the number of optical elements in the miniature objective lenses.
A few endomicroscope specifications dictate the ease of use within the instrument channel of a flexible endoscope. In addition to a small outer diameter, the length of the endomicroscope must be sufficiently flexible and the rigid tip or imaging head of the endomicroscope must be short. While the minimum bending radius for a single optical fiber may be as low as 5 mm, the minimum bending radius for fiber bundles ranges from 10 mm for a 0.25 mm diameter bundle to 200 mm for a 3 mm diameter bundle. The drawback of reducing the bundle outer diameter is the concomitant reduction of the number of fibers in the bundle which corresponds to the number of pixels in the image. Even if the image guide is sufficiently flexible, the endomicroscope may not be able to be inserted into the instrument channel of a flexible endoscope or navigated through tortuous paths within the body if the rigid imaging head at the distal end of the probe is too long. Table 1 includes dimensions of the rigid sections of various endomicroscopes.
In benchtop confocal microscopic imaging of cellular or tissue samples, it is relatively easy to translate the sample using a translation stage to scan the specimen in the axial direction. Axial scanning is critical for many of the clinical endomicroscopy applications, but is much more challenging at the distal end of a fiberbased probe inside of a living body. Hydraulic, pneumatic, and mechanical scanners have been employed to scan the lens or the tissue. Additionally, optical axial scanning techniques have also been explored, such as the adaptive phase compensation approach previously mentioned. 123 Gmitro and Rouse have optimized a depth scanning technique starting with their original design of a hydraulic focus mechanism in 2001. 33 While the miniature objective lens was fixed relative to the position of the tissue, the fiber bundle was scanned by a piston controlled hydraulically. However, this system was not sufficiently compact and was susceptible to fluid leaks and air bubbles. Subsequently, a pneumatic design to control the fiber position relative to the lens was used as a focusing mechanism. 105, 106 In this design, a manual micrometer was used to achieve depth scanning and focus which resulted in slow movement and inherent hysteresis. Therefore, a computer-controlled high speed positioning system that automatically corrected for hysteresis was developed with a positioning accuracy less than the axial resolution. 116 Sung et al. employed hydraulic suction directly on the tissue to scan the tissue relative to the lens. 113 Due to differences in tissue mechanical properties, hydraulic suction suffers from inaccuracies in positioning and the inability to know exact imaging depth. The possible introduction of air bubbles in the immersion medium is an additional challenge. Lane et al. demonstrated a promising technique to exploit the chromatic aberration of a GRIN lens to spectrally scan the working distance. 69 Confocal endomicroscopes designed for clinical imaging are commonly flexible endoscopes with a short rigid section at the tip that houses the miniature objective lens and, in the case of distal scanning endoscopes, the miniature scanning mechanism. Laparascopes or rigid endoscopes have a longer rigid section in the form of a handheld device. A few rigid confocal endomicroscopes have been developed, primarily for preclinical applications, without the use of optical fibers. This is particularly useful for non-linear optical microscopy where the dispersion in the long length of glass in an optical fiber may influence the laser pulse width. These rigid microendoscope designs typically have a small diameter lens system that can be inserted into an animal for intravital imaging. Depending on the imaging depth required, an image relay is commonly used to extend the length of the probe tip. Scanning is performed proximal to the miniature lens system and does not need to be miniaturized due to the location outside of the body. Without any flexibility in the optical system, this configuration is impractical for clinical use. However, a single fiber may be used to deliver the beam to the scanning system and lens and serve as the confocal pinhole. 31, 95 Therefore, these rigid endoscopes potentially span distal scanning and proximal scanning depending on the scanning and fiber system arrangement. Multiphoton and confocal endomicroscopes have been implemented using GRIN doublets and triplets in a direct view 3, 23, 45, 59 or side-viewing probe by adding a prism at the distal tip. 27, 58 In 2010, Farahati et al. developed a rigid confocal endomicroscope using a series of rod lenses with a 0.9 NA miniature objective lens. 24 In the same year, Feng et al. showed the design of the scan lens and the objective lens arranged into one long tube for a confocal endomicroscope. 25 
Distal Scanning
Confocal endomicroscopes employing various distal scanning mechanisms typically use one or two optical fibers for illumination and collection of light, illustrated in Figs. 2b and 2c, respectively. Kimura and Wilson first proved the use of a single mode fiber for confocal detection in 1991 by replacing the pinhole in a confocal microscope with an optical fiber. 60 Miniaturization of objective lenses and scanning optics quickly followed in an effort to image inside the body.
Gini" unas et al. built and tested a scanning confocal microscope using a single optical fiber for illumination and collection and as the confocal pinhole. 30 Reflected light was coupled back into the laser for sensitive intracavity detection. The optical fiber and single hemisphere lens were fixed together in a scanning probe that was scanned using piezoelectric transducers in a Lissajous scan pattern. Benschop and Vanrosmalen exploited the two-dimensional scanning of a compact disc player reading head by replacing the laser in the device with a fiber for remote delivery and confocal collection. 5 In 1992, Jusˇkaitis et al. scanned the object in a fiber-based system with intracavity detection. 46 In later work, Jusˇkaitis and Wilson demonstrated the use of a fiber coupler to separate illumination and detection paths, which were scanned synchronously to generate an image. 47 As mentioned in the previous section, some rigid endoscopes that utilize single fibers for their confocal aperture and flexibility employ relatively large scanning systems at the distal end of the optical fiber. A long relay lens, frequently a GRIN lens, is used to offset the imaging field from the bulky scanning. 31 Two-dimensional mechanical scanning of a lensed fiber as an input into a long GRIN relay lens has also been shown to reduce off-axis aberrations that may be imposed by more traditional mirror scanning. 95 Although the scanning mechanism is large, the 350-lm diameter GRIN rigid endomicroscope is mounted in a 22-gauge hypodermic needle to penetrate up to 15 mm into tissue. Other endomicroscopes employ electromagnetic or piezoelectric actuators to distally scan the fiber and objective lens, which are mounted together. 23, 27, 38, 39, 86 This configuration also reduces off-axis aberrations through the single high NA plano-aspherical lens.
Dickensheets and Kino pioneered the field of microelectromechanical systems (MEMS) based scanners for confocal endomicroscopes. In 1994, they presented the use of a resonant cantilever to scan a single fiber with a Fresnel zone plate miniature objective lens. 18 Later, the first use of micro-machined silicon scanning mirrors in single fiber endomicroscopy was demonstrated. 19, 20 Two separate micromirrors placed at the distal end of the fiber scan the beam in two dimensions, and a miniature off-axis phase zone plate fabricated by etching fused silica serves as an objective lens. More recently, Dickensheets has developed a MEMS deformable mirror for focus control and aberration correction, to be integrated into a biomedical endoscope. 17, 83 The main challenges in developing miniaturized scanning mirrors are to achieve a robust device with large scan angles, large mirror dimensions, and sufficiently fast scanning within a small package. Murakami at Olympus Optical Co. developed a prototype 3.3-mm diameter confocal endomicroscope to pass through a working channel of an endoscope using a single MEMS electrostatic gimbal scanning mirror and an aspherical objective lens. 84, 85 Other two-axis scanning mirror designs used in confocal endomicroscopy include an electrostatically driven torsional silicon micromirror with electroplated nickel hinges and frame, 40 a gimbaled scanner using electrostatic combdrive actuators, 64, 80, 109 and a thermally actuated non-resonant scanner fabricated using silicon-on-insulator multi-user MEMS processes (SOIMUMPS). 98 In addition to micromirrors, other microdevices to mechanically scan the fiber, such as unimorph cantilevers, have also been used for scanning. 91 Integrated optical focusing and mechanical scanning devices have also been fabricated. 2, 65 High resolution confocal endomicroscopes typically require high NA miniature objective lenses which inherently have a short working distance. Consequently, post-objective beam scanning is impractical within this short working space. To overcome this limitation, Wang et al. introduced a novel optical sectioning technique using a dual-axes geometry. 127 The depth of focus of a low NA lens is too large for adequate optical sectioning in tissue; however, by crossing the axes of two separate illumination and collection beam paths, improved resolution and a long working distance can be achieved with low NA lenses. This enables post-objective scanning, 126 which has been accomplished with a biaxial barbell-shaped MEMS scanning mirror. 77, 97 Dual-axes reflectance and fluorescence confocal endomicroscopy have been implemented using various excitation wavelengths, and engineering improvements continue to reduce the size of the probe head.
97,100
In vivo endomicroscopic imaging requires fast image acquisition rates, on the order of 10 frames per second or faster, to avoid motion artifacts. High fidelity distal scanning in two dimensions is challenging at these speeds in a compact package. To eliminate one axis of mechanical scanning, Tearney et al. introduced the concept of spectrally encoded confocal microscopy. 120 A broadband source is dispersed laterally by a diffraction grating so that the spatial position is encoded in the wavelength. All wavelengths can be transmitted through a single fiber and the spatial position of the reflected light can be decoded by spectral detection. 119 The second axis of scanning can be performed with a piezo-electric transducer. Image acquisition rates up to 30 frames per second were achieved by using a rapid wavelength swept source. 7 A dual prism grating element was used to miniaturize the probe head. 96 The addition of a motor shaft and linear stage for helical scanning was used to demonstrate large area spectrally encoded confocal imaging of luminal surfaces. 135 
Commercial Confocal Endomicroscopy Systems
Two commercial confocal endomicroscopy systems are currently in use in clinical applications. The Pentax ISC-1000 confocal endomicroscopy system with the EC3870CIK scope (Pentax/Hoya, Tokyo, Japan and Optiscan Pty Ltd, Notting Hill, Victoria, Australia) is a miniaturized Optiscan confocal endomicroscope incorporated into a conventional video-endoscope. The second system approved for clinical use is the Cellvizio (Mauna Kea Technology, Paris, France). The Cellvizio is a standalone imaging system based on a fibered technology capable of being incorporated into a conventional endoscope. 90 Cellvizio confocal miniprobes can be passed down the accessory channel of any standard endoscope, allowing for rapid image capture in vivo in real time.
The Optiscan confocal endomicroscope was developed out of the work of Delaney and Harris. 15, 16 The technical specifications of the Optiscan/Pentax ISC-1000 system presented here are summarized from Polglase et al. 99 A distally scanned single optical fiber serves as both the illumination and detection confocal pinholes. The beam is raster-scanned by scanning the fiber with an electromagnetically driven scanning mechanism. The fiber and lens are contained within the probe and coupled to the sample via an optical window. The window is placed in contact with the tissue to stabilize the probe and to create a reference point for axial scanning. A z-actuator, with button controls on the endoscope handpiece, provides depth scanning from 0 to 250 lm beyond the window surface. Images can be acquired at 0.7 s per frame at 1024 9 512 pixels or 1.2 s per frame at 1024 9 1024 pixels. The maximum output of the endomicroscope is 1 mW at 488 nm wavelength. The confocal microscopy component of the integrated endoscope system is 5 mm of the total 12.8 mm diameter. In addition to the confocal component, the integrated video-endoscope includes two light guides, an imaging CCD, a biopsy channel, air and water jet channels, and an additional water jet channel that is used for topical application of contrast agents, such as acriflavine. Table 2 summarizes the technical specifications of the Optiscan/Pentax ISC-1000 confocal endomicroscope. The Pentax ISC-1000 system is designed for imaging the lower gastrointestinal (GI) tract, but has also been used for imaging the stomach, duodenum, distal esophagus, and even the cervix. 50, 53, 61, 115 The second clinically available endomicroscopy system is the Cellvizio (Mauna Kea Technologies, Paris, France), a probe-based endomicroscopy system. Confocal imaging is achieved through the use of miniprobes, that can be inserted in the accessory channel of any standard endoscope. 22 Unlike the distal scanning of the Pentax system, the Cellvizio incorporates a proximally scanned fiber bundle to deliver 488 nm wavelength laser light to the sample. An example fiber bundle employed by Mauna Kea Technologies is composed of 30,000 optical fibers, with a fiber inter-core distance of 3.3 lm and a fiber core diameter of 1.9 lm.
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The Cellvizio system is composed of a Laser Scanning Unit, a range of fibered objectives, and dedicated software which allows for obtaining images at a rate of 12 frames per second. The Cellvizio was developed using a 488 nm Sapphire laser, followed by another model which featured a 660 nm source for reflectance imaging. 125 Real time imaging is achieved using a 4 kHz oscillating mirror for horizontal line scanning and a galvanometric mirror for frame scanning, resulting in a raster pattern that is scanned across the surface of the fiber bundle. 66 A custom image processing algorithm is then used to correct for any artifacts that have occurred while imaging through a fiber bundle. 66 Imaging parameters of the Cellvizio system range with the variety of Confocal Miniprobes that have been developed for use with the base unit. These probes differ by their distal optics and their bundle characteristics and vary in flexibility, size, sensitivity, and resolution in order to meet the different clinical or research needs. Table 2 outlines the main characteristics of the different probes developed for clinical research. 90 Each probe also houses a small electronic chip which is used by the base unit for probe identification. The Cellvizio system does not allow for modification of the depth of the focal plane; the focal plane of each Confocal Miniprobe is fixed. However, the appropriate Confocal Miniprobe with a specific working distance can be selected for the application.
To make a general comparison between the two commercial systems, the Pentax ISC-1000 is a distally scanned confocal endomicroscope that is incorporated in a conventional video-endoscope, while the Cellvizio Confocal Miniprobes are proximally scanned probes that may be used independently or incorporated into any standard endoscope. The Pentax reports excellent lateral and axial resolution for a fixed field of view. The miniO Cellvizio Miniprobe also has excellent lateral and axial resolution with a smaller field of view. If a greater field of view is necessary, resolution can be sacrificed by switching to a different Miniprobe. The Pentax has an axial scanning mechanism allowing the user to adjust the depth of the image plane in the sample, whereas, the Miniprobes have fixed working distances. The Cellvizio has a significantly faster acquisition rate than the Pentax, which can be critical for imaging in vivo. Additionally, Cellvizio has an outstanding software and image processing package, including video mosaicing to extend the image field of view.
MEDICAL APPLICATIONS OF CONFOCAL ENDOMICROSCOPY
Early in vivo confocal imaging was first performed on the eye, mouth, and skin. 10, 13, 101, 129 These accessible organs were used to demonstrate the in vivo cellular imaging capability of confocal imaging. However, standard microscope objective lenses, even on fiber coupled handheld probes, are incapable of imaging cavities within the body. With advancing technology, as presented in this review, endomicroscopic probes are sufficiently small in size to more readily access areas within the body such as the GI tract, bladder, cervix, ovary, oral cavity, and lung. Here, we present a selection of results from clinical studies of confocal endomicroscopy.
Gastrointestinal Tract
Confocal endomicroscopy has been most extensively applied to detection of diseases in the GI tract. The Optiscan/Pentax ISC-1000 has been used in numerous studies for in vivo imaging of cellular morphology of the mucosa in the upper and lower GI tract. 99 Cellular and subcellular structures, such as nuclei within the mucosa, colon crypts, stomach villi, and gastric pits are visible in the images. Squamous epithelium from the distal esophagus was also imaged. Fluorescent dyes are commonly used to provide contrast in fluorescence imaging of tissue. Acriflavine is administered topically to visualize nuclei, and fluorescein is administered intravenously to see the extracellular matrix and lamina propria. Figure 3 demonstrates the features visualized in the normal colon using these exogenous contrast agents. The Mauna Kea Cellvizio probe-based endomicroscopes have also been used in the upper and lower GI tract. 81 Olympus (Olympus Optical Co. Ltd., Tokyo, Japan) explored the development of a endomicroscope for use in the working channel of an endoscope to image mucosa in the GI tract. 108 Although exogenous contrast agents were not necessary to detect signal in reflectance confocal mode, the images had poor contrast and resolution, limiting resolution of nuclei within the tissue. Another confocal reflectance endomicroscopy study was performed on esophageal and stomach tissue using a prototype Mauna Kea reflectance confocal probe with improved contrast and resolution. 87 
Barrett's Esophagus
Patients with acid reflux may develop Barrett's esophagus as a result of irritation of the epithelial lining of the esophagus from stomach acid. These patients are at a higher risk of incidence of adenocarcinoma in the esophagus. The first endomicroscopy study of Barrett's esophagus was conducted with promising results. 56 A method for classification of confocal images based on vasculature and cellular architecture was developed and presented with example images for prediction of histopathology of normal gastric epithelium, Barrett's epithelium, and neoplasia. Based on this classification system, Barrett's esophagus was predicted with 98.1% sensitivity and 94.1% specificity. Furthermore, Barrett's-associated neoplasia was predicted with 92.9% sensitivity and 98.4% specificity.
The current technique for monitoring neoplastic development in Barrett's esophagus is four-quadrant biopsy, which is susceptible to sampling error. Using the Mauna Kea probe-based endomicroscope, a prospective study has shown that in vivo confocal imaging is ''non-inferior'' to the standard quadrant biopsy. 1 Although, the technique has potential to exclude neoplasia, it may not replace histology for surveillance of Barrett's esophagus. However, endomicroscopy may improve diagnostic yield by guiding biopsy to the area with the highest risk of neoplasia.
Celiac Disease
Celiac disease causes damage to the villi of the small intestine prohibiting vital nutrients from being absorbed into the bloodstream. This disease causes the stomach to be intolerable to gluten, which is common in many foods. Confocal laser endomicroscopy has shown potential to diagnose celiac disease. 72, 136 After imaging the duodenum in six patients followed with biopsies of the interrogated tissue, confocal laser endomicroscopy successfully aided a pathological diagnosis of four normal and two positive for celiac disease. 136 Another study supports diagnosis of celiac disease with sensitivity of 94% and specificity of 92% using confocal endomicroscopy and suggests that abnormalities not seen in histology could possibly be detected. 72 
Inflammatory Bowel Disease
Patients with inflammatory bowel disease, including ulcerative colitis and Crohn's disease, have an increased risk of developing colorectal cancer and are recommended to begin colonoscopy screening at an earlier age. Random or step biopsy may be recommended for surveillance in ulcerative colitis, which is prone to sampling error. Confocal endomicroscopy is being evaluated as a tool to target regions suspicious for neoplasia to guide biopsy in patients with ulcerative colitis. Differences can be seen between endomicroscopic images of normal tissue and non-active or active ulcerative colitis. 128 Normal colon mucosa has crypts that are small and regularly arranged within the tissue. Non-active ulcerative colitis also displays small crypts, but in an irregular arrangement, while active ulcerative colitis has an unidentifiable structure with large crypt lumens. In future research, it will be important to determine whether low-grade dysplasia can be differentiated from benign lesions with inflammation.
Colorectal Cancer
The colon and rectum are in the top five sites for cancer incidence in the United States, with an ageadjusted incidence approaching 50 per 100,000 people. 41 Additionally, colorectal cancer has a low 5-year relative survival rate of 64%. Patients with high risk for colorectal cancer based on personal or family history are recommended to have periodic colonoscopy screening. Colorectal cancers primarily originate in adenomatous polyps, which are typically removed during endoscopic evaluation, whether they are neoplastic or not. Some lesions develop from flat or depressed lesions that are difficult to detect by traditional white light endoscopy, and would also be difficult to detect with confocal endomicroscopy based on the small field of view. Kiesslich et al. published the first results on the diagnostic capability of confocal endomicroscopy in colorectal intraepithelial neoplasia and cancer in 2004. 53 The goal was to predict histology while patients were undergoing a colonoscopy screening for colorectal cancer. Neoplastic changes within the tissue were predicted with high accuracy, including a sensitivity of 97.4% and specificity of 99.4%. The classification of confocal images was based on patterns in the vessel and crypt architecture. As mentioned previously, normal crypts are regularly arranged in a hexagonal pattern, while neoplastic tissue is distorted and irregular. This method would allow for faster diagnosis of endoscopically observable neoplasia and would potentially limit the number of unnecessary biopsies. In contrast to intraepithelial neoplasia and cancer, hyperplastic polyps are considered to be nonneoplastic tissue and are not required to be removed. A recent prospective study from another group to differentiate adenomas from non-neoplastic polyps using a basic classification system reported a sensitivity of 93.9% and a specificity of 95.9% compared with histology. 134 Meining et al. reported similar results using the probe-based endomicroscopy with a sensitivity of 92.3% and specificity of 91.3%. 81 
Gastric Cancer
Gastric cancer is speculated to be a multistep progression that is initially triggered by an infection of Helicobacter pylori (H. pylori), which progresses to intestinal metaplasia, chronic gastritis, intraepithelial neoplasia, and then cancer. With the aid of confocal endomicroscopy, H. pylori may be diagnosed in the gastric epithelium in vivo. 54 Confocal images of gastric mucosa demonstrate similarities with histology images for fundic gland mucosa, pyloric gland mucosa, and adenocarcinoma of the stomach. 61 While confocal imaging in the GI tract has predominantly been performed in fluorescence mode using exogenous contrast agents, reflectance confocal endomicroscopy was also evaluated for the diagnosis of gastroesophageal cancer in its early stages. 87 Features of the normal esophagus show high reflectivity from nuclei and cellular honeycomb-like structure. Cancer in the esophagus appeared to have an increase in nuclear to cytoplasmic ratio, and the reflectivity from cell membranes was not seen. Normal gastric mucosa exhibits crypt cells arranged in a flower pattern around the gastric pit. Within differentiated adenocarcinoma, cell membranes were not apparent and glandular structures were disorganized.
Urinary Tract
Confocal laser endomicroscopy was performed using the Cellvizio instrument by Mauna Kea Technologies to image the human bladder in vivo. 111 Fluorescein was administered intravesically and/or intravenously following the standard white light cystoscopy procedure. Fluorescein provided contrast allowing for differentiation between normal bladder mucosa and low-and high-grade bladder tumors. Large umbrella cells near the surface with smaller cells nearing the lamina propria were visible in the bladder mucosa. Tumors classified as low grade had normal appearing small cells that were densely packed. In contrast, high-grade bladder tumors had an irregular architecture.
A paper published from the same group sought to develop criteria for diagnosing benign and neoplastic mucosa along the urinary tract using confocal endomicroscopy. 133 Here, the Cellvizio system was used in conjunction with white light cytoscopy for faster diagnosis of urinary tract conditions such as bladder cancer. Confocal images taken along the urinary tract are seen in Fig. 4 with fluorescein as a contrast agent. 133 Regions located on the lower part of the urinary tract were taken in vivo, and those along the upper regions were acquired ex vivo. Comparable features, such as intermediate cells within the urothelium, were seen in the ureter and bladder. With the availability of smaller diameter probes, imaging of the upper urinary tract in vivo will likely be possible in the near future.
Cervical Intraepithelial Neoplasia
Cervical intraepithelial neoplasia (CIN) may progress to cervical cancer, the second leading cause of cancer in women in the world after breast cancer. 3-5% acetic acid is commonly used on the cervix during colposcopy to visualize regions with increased nuclear density suspected to be CIN. This effect, termed acetowhitening because of the whitening of the lesions, also provides contrast in reflectance confocal microscopy of epithelial tissue, so that nuclei throughout the epithelium can be visualized and nuclear to cytoplasmic ratio can be quantified. 21 Reflectance confocal endomicroscopy with colposcopic guidance has been explored to detect CIN. 114 In confocal images of normal epithelium, the nuclear to cytoplasmic ratio increases from the differentiated superficial epithelium to the dense basal epithelium; whereas, in high-grade CIN, the nuclear to cytoplasmic ratio is high near the surface and deeper in the epithelium. 9 Fluorescence confocal imaging of the cervix using the Optiscan F900e confocal system coupled with a rigid endomicroscope probe was performed to evaluate assessment of CIN quantitatively and qualitatively. 115 Normal and abnormal locations within the cervix were imaged after application of 5% acetic acid and topical application of acriflavine. Similar to reflectance imaging, CIN was characterized by an increase in nuclear density, size, and cellular disorganization.
Ovarian Cancer
Ovarian cancer has an exceptionally low 5-year relative survival rate, below 45%. 41 Screening is critical for high risk populations, but is complicated by limited access to the ovaries. A multispectral fluorescence confocal microlaparoscope using proximal line scanning was used in a study to evaluate in vivo confocal imaging of the ovary to potentially aid diagnosis of ovarian cancer. 118 Images are acquired following staining the ovary with fluorescein sodium in vivo and acridine orange following ovary extraction. Imaging was performed on patients undergoing oophorectomy. The surgeon located an ovary and isolated it in an endobag to protect the patient from the imaging dye. The confocal images of the normal epithelial surface of the ovary have a homogenous pattern of cells with bright nuclei. Cancerous tissue appears irregular at the surface and heterogeneous. Acridine orange provided superior contrast; although it is not yet approved for in vivo imaging of the ovary, the safety is being evaluated for clinical use.
Head and Neck
The oral cavity consists of a diverse range of epithelial tissue, including the lips, buccal mucosa, dorsal and ventral tongue, hard and soft palate, gingiva, salivary glands, and floor of the mouth. The site with the highest oral cancer incidence is the tongue. Most oral cancers are carcinomas, tumors occurring in the stratified squamous epithelium that develop from the uncontrolled growth of cells. In the United States, the age-adjusted incidence rate for cancers of the oral cavity and pharynx was over 10 per 100,000 persons and the 5-year relative survival rate was 60% in the period from 2004 to 2008. 41 There are many detection and treatment methods that are being developed and improved to achieve more efficient detection and diagnosis of oral cancer, such as confocal endomicroscopy. 29 By optical sectioning and visualization of cellular structure, malignant lesions may be able to be differentiated from benign lesions and normal mucosa. In reflectance confocal endomicroscopy, contrast is provided by differences in refractive index. Addition of vinegar or acetic acid (3-6%) enhances backscattering from the nuclei in epithelial tissue, improving contrast in confocal imaging. 21 A miniaturized fiber reflectance confocal endomicroscope was used to image 20 sites in the oral cavity on eight patients that were undergoing surgery for squamous cell carcinoma. 79 Nuclear morphology was distinctly different for normal (Figs. 5a, 5b ) and abnormal oral tissue (Figs. 5d, 5e ). The normal tissue had an organized structure, while dysplastic tissue appeared disrupted with overlapping nuclei within the images. The cancerous tissue also exhibited severe disorganization. Nuclei were not always visible and if so, they were not distributed evenly. Acetic acid was used to enhance contrast within the confocal images. In vivo fluorescence confocal endomicroscopy of the human oropharynx after intravenous injection of fluorescein was recently reported as a novel means to differentiate various locations of the oropharyngeal mucosa. 37 Following injection of fluorescein, capillary networks and cell borders have fluorescence contrast. Cell nuclei are not visible because the cell membrane is not permeable to fluorescein. Confocal images of invasive carcinoma on the floor of the mouth show increased signal due to neoangiogenesis and leaky blood vessels.
In vivo imaging of vocal cords is being explored by confocal endomicroscopy with potential to expand understanding of pediatric laryngeal development, currently limited by insufficient availability of pediatric laryngeal specimens. 6 Preliminary imaging results with spectrally encoded confocal microscopy in porcine tissue demonstrate the potential for endomicroscopic imaging of the vocal folds. Images portraying epithelial cells, the basement membrane, and the lamina propria were obtained down to 375 lm deep in the tissue. Imaging and characterization of lesions is another potential application of confocal endomicroscopy of the vocal fold, where unnecessary removal of tissue should be minimized for voice preservation. 49 
Lung
A confocal fluorescence endomicroscope with spectral detection was used to image bronchial mucosa during a bronchoscopy procedure allowing a depth of focus of 50 lm below the surface. 121 Twenty-nine high risk patients for lung cancer had in vivo imaging and spectral analysis. The tracheobronchial tree was imaged and distinct patterns of the subepithelial fiber network were visible. All specimens diagnosed as histologically normal exhibited a similar pattern. In precancerous tissue, a decrease in intensity was seen as well as a disorganized fiber network within the bronchial wall.
Contained within the instrument channel of an endoscope, a confocal endomicroscope has the potential to distinguish normal bronchial epithelium from pre-neoplastic lesions in vivo. 70 Cresyl violet was used as a contrast agent. Due to its acidic nature, which may be fatal to humans if administered in the lungs, the contrast agent was used with an altered pH for imaging of bronchial mucosa. Two bronchoscopes were used for the bronchoscopy and confocal endomicroscopy procedures, with the second one able to house a channel for the confocal endomicroscope. Normal epithelium exhibited uniformly distributed cells, while mild to moderate dysplasia displayed heterogeneous tissue architecture. Distal lung imaging is being explored via broncho-alveoscopy procedures. 122 This is the first technique capable of imaging lobular and alveolar structures within the human lung.
Contrast Agents for Confocal Endomicroscopy
In order to achieve good imaging contrast within fluorescence confocal images, it is common to apply an exogenous contrast agent to the tissue. Currently, only a few contrast agents are frequently reported in the literature for in vivo use in humans for endomicroscopy: acetic acid, fluorescein sodium, acriflavine hydrocholoride, and cresyl violet. 55, 70 Contrast agents approved for in vivo use for optical imaging by the United States Food and Drug Administration are acetic acid, fluorescein sodium, and indocyanine green. 88, 124 Intravenous fluorescein sodium is most commonly used in the colon, esophagus, and stomach. Twenty seconds after injection of fluorescein, the agent is distributed throughout the tissue and can last 30 min allowing for imaging of 250 lm below the surface. It provides contrast in the connective tissue and, due to its intravenous administration and binding to serum albumin, contrast of the local microvasculature. Disruption to the vasculature, or leaky blood vessels, results in an increase in the overall fluorescence signal which may be indicative of disease. Fluorescein helps to visualize pit patterns in the colon, surface epithelial cells, connective tissue within the lamina propria, blood vessels, and red blood cells. 28 Acriflavine hydrochloride, which is topically applied, is most commonly used in the stomach and colon. Acriflavine provides contrast between the nuclei and cytoplasm in the superficial epithelium for imaging of surface mucosa up to 100 lm. The combination of imaging modalities is common as information garnered with one modality may compliment another. However, it is desirable to limit the number of contrast agents needed for multi-modal imaging. Cresyl violet has proven to predict histology as a single topically applied contrast agent for in vivo confocal laser endomicroscopy and chromoendoscopy of the lower GI tract. 34 In addition to these non-specific contrast agents, targeted molecular specific contrast agents have recently been developed for potential use in vivo to target biomarkers associated with certain diseases, such as cancer. For example, tumors can express unique receptors at a high rate. By targeting these biomarkers with high affinity ligands, it is possible to locate areas where carcinogenesis, angiogenesis, or metastasis is taking place. 94 Both antibodies and peptides conjugated with exogenous dyes have been successfully used as specific binding contrast agents for optical imaging. Cyanine dyes conjugated to peptides have shown a three-fold increase in tumor contrast over normal tissue. 4 Fluorescent signal is enhanced at the plasma membrane of the cells with increased receptor expression. A study using a targeted heptapeptide for colonic dysplasia was performed in vivo on patients undergoing colonoscopy. 42 Confocal microendoscopy of the colon using the Cellvizio system by Mauna Kea Technologies exhibits images showing significant contrast at borders between normal and dysplastic crypts (Fig. 6) . Areas with dysplastic colonocytes show a higher fluorescent signal due to peptide binding in contrast to normal colonocytes.
Antibodies have been used to target the epidermal growth factor receptor (EGFR), a cell surface receptor that is over-expressed in many cancers. To aid early detection of oral neoplasia, oral biopsies were exposed to a monoclonal antibody specifically targeting EGFR. 43 Abundant fluorescence signal was noted throughout abnormal mucosa. EGFR has also been targeted for imaging colorectal cancer in a mouse model. 35 Two different human colorectal cancer cell lines were grown as tumors in mice. Using the Optiscan instrument by Pentax, the colon tumors were imaged in vivo after an injection of fluorescently labeled EGFR antibodies. Tumors with human cell lines expressing high levels of EGFR showed a distinctly higher signal when compared to tumors expressing low levels of EGFR. By targeting EGFR with fluorescently labeled antibodies, it was possible to differentiate between two types of human colorectal cancer tumors. To show the potential for in vivo use in humans, a similar study was performed on excised human tissue and the results indicated that it was possible to differentiate neoplastic from non-neoplastic tissues.
CONCLUSION
Major advances in the development of confocal endomicroscopes over the last few decades have enabled a new field of in vivo microscopic disease detection. We have presented how the technology has evolved over time, including the two primary commercially available endomicroscopy systems used in clinical studies. Further development should result in an enlargement of field of view and a reduction in overall probe size, while maintaining high resolution. Multi-scale and multi-modality systems, such as confocal endomicroscopy in combination with chromoendoscopy or fluorescence video-endoscopy, may improve detection or tissue classification.
Recent clinical evaluation for disease detection shows great promise for the future of this technology. Confocal endomicroscopy provides microscopic images of tissue with features that are similar to histology via ''optical sectioning'' of the tissue. It can be used to guide biopsy to a targeted site, reduce unnecessary biopsies, maximize diagnostic yield, and reduce morbidity of surgical treatments. Confocal endomicroscopy provides images and diagnostic information in real time, allowing on-the-fly decision making. It has been shown to have high sensitivity and specificity in comparison to traditional endoscopy techniques. In the future, confocal endomicroscopy may be explored for surgical margin detection and non-invasive monitoring of treatment. More extensive clinical trials will be required to fully prove the clinical utility to achieve widespread clinical adoption.
